and zone 3, an herbaceous filter strip for dispersal of incoming upland surface runoff and sediment and nutrient deposition. Although REMM is designed to simulate this type of buffer system, the model can be used with other types of vegetation in a zone or with 1 to 3 zones.
Processes simulated in REMM include storage and movement of surface and subsurface water, sediment transport and deposition, transport, sequestration, and cycling of nutrients, and vegetative growth. To simulate each of these processes, REMM has four major modules: hydrology, sediment, nutrient, and vegetative growth. Simulations are performed on a daily basis and can be continued in excess of 100 years. The intent of this article is to provide a brief description and evaluation of the REMM hydrology component. This article is a companion article to a manuscript which evaluates the water quality and nutrient cycling components of the model (Inamdar et al., 1999) . In this article, we evaluate REMM by comparing model simulations to field measured hydrologic data from a riparian buffer site in the Gulf-Atlantic Coastal Plain near Tifton, Georgia, and to long-term hydrologic records from the Little River Watershed in the same area.
MODEL DESCRIPTION
In REMM, the three zone buffer system has three soil layers through which vertical and lateral movement of water and associated dissolved nutrients are simulated ( fig. 1 ). The uppermost soil layer is covered by a litter layer which acts as a mixing layer and which interacts with surface runoff. Water movement and storage is characterized by processes of interception, evapotranspiration (ET), infiltration, vertical drainage, surface runoff, subsurface lateral flow, upward flux from the water table in response to ET, and exfiltration. These processes are simulated for each of the three zones. The storage and movement of water between the zones is based on a combination of mass balance and rate controlled approaches. The mass balance of water within each soil layer is:
where θ [t] (mm) is the soil moisture on day t, θ [t -1] (mm) is the soil moisture from the preceding day, Q V-in (mm) is the addition of water due to infiltration in case of the upper soil layer, or drainage from upper soil layer for intermediate soil layers, Q V-out (mm) is drainage out of the layer, Q H-in (mm) is contribution due to lateral subsurface flow, Q H-out (mm) is the outflow of water to lateral subsurface downslope flow, and ET (mm) is evapotranspiration. Each of these processes is described briefly in the following paragraphs. A more detailed discussion of the model scope and structure is provided in Lowrance et al. (In Press) and Altier et al. (In Press) .
Before precipitation reaches the soil surface, it is subject to interception by plant canopies and surface litter. REMM simulates two canopies at different heights above the ground surface, each comprised of one or more plant species. Canopy interception is an exponential function of the canopy storage capacity and the daily rainfall and is simulated using a modified form of the Thomas and Beasley (1986) 
equation and is given by:
where c is the canopy, s is the species type within a canopy, Int (mm) is intercepted moisture, Canfrac (ha ha -1 ) is the fraction of canopy occupied by the vegetation type, CSC (mm) is interception storage based on leaf area index, θ Leaf (mm) is the intercepted rainfall depth on the leaf for the current day, rain (mm) is rainfall depth, and PIT (mm) is the potential canopy storage capacity for the species at maximum leaf area index. Canopy storage capacity on any given day is a product of the leaf area index (LAI) on that day and a species-specific storage capacity per unit LAI. Precipitation falling through the canopy (throughfall) is subjected to litter interception. Similar to canopy interception, litter interception is determined by the depth of the litter at any given time and the litter storage capacity.
While intercepted water is available on the vegetative canopy, evaporation of the intercepted water occurs. During this period all the radiant energy is used to evaporate the intercepted water. Transpiration proceeds after all moisture on the canopy has been evaporated. Potential rate of leaf transpiration PT is computed using a modified form of the Penman Monteith equation (Running and Coughlan, 1988): where A is the net radiation energy (kJ -2 day -1 ), LAI (ha ha -1 ) is the canopy leaf area index on day t, λ is the latent heat of vaporization (MJ Kg -1 ), ∆ is the slope of the saturation vapor pressure curve (kPa °C -1 ), γ is the psychrometric constant (kPa), r a is the aerodynamic resistance (s/m), ρ a is the air density (kg m -3 ), D is the vapor pressure deficit (kPa), and c p is the specific heat of air at constant pressure taken as 1.01 kJ kg -1 K -1 , and r s is the stomatal resistance. Leaf evaporation is also computed using equation 3 except that for leaf evaporation the stomatal resistance term reduces to zero.
Potential transpiration for a plant type from equation 3 is adjusted for the actual moisture available for transpiration for that plant type. The amount of soil moisture available for a plant type from a soil layer depends on the proportion of its root within that layer and the soil moisture content of the layer (eq. 4). Transpiration is allocated among the soil layers from the surface downward. The maximum rate of transpiration from a layer is limited by its hydraulic conductivity which varies with soil moisture and is described by Campbell's (1974) 
determined by multiplying available water by the proportion of total demand allocated for that plant type and soil layer combination:
where, for soil layer j day t, AT is water uptake by vegetation s in canopy c from soil layer j (mm); K(θ) is soil hydraulic conductivity defined by Campbell's equation for soil layer j (mm); RPotTrans is remaining potential transpiration demand by vegetation s in canopy c from soil layer j after water has been taken up from the upper soil layers (mm); AdjMRF is a moisture factor adjusted for the fraction of the root mass of vegetation s from canopy c in soil layer j relative to its roots in the other layers and relative to all other roots in layer j (0-1 scalar). θ A is available water in soil layer j (mm):
where θ WP is soil water content at wilting point (mm). Hence, for the first soil layer the transpiration demand for a given plant type is equivalent to the total transpiration potential of that plant type. In succeeding layers, RPotTrans is reduced by the sum of transpiration by all vegetation from upper layers:
The appropriate proportions of total water uptake demand are calculated as a function of a moisture factor adjusted for root mass fractions:
where on day t, MRF is a moisture factor adjusted for the fraction of the root mass of vegetation s of canopy c in layer j relative to its roots in the other layers (0-1 scalar); RFV is the fraction of the root mass of vegetation s in canopy c that is in soil layer j relative to all other roots in layer j; MF is a moisture factor for layer j (0-1 scalar); and RFL is the fraction of the root mass of vegetation s in canopy c that is in soil layer j relative to its roots in the other layers. The soil moisture factor (MF) represents the decreasing rate of transpiration that occurs as soil dries out. It would be desirable to have this factor change during each day as ET withdraws moisture from the soil layers, since it represents the influence of stomatal activity as well as rates of moisture diffusion to the roots. However, with a daily time step, it is calculated as a function of soil moisture status at the end of the previous day. The following relationship was used in the model as an approximation:
where θ FC is soil moisture at field capacity (mm), and δ is a factor specific to the soil type that determines the influence of limiting soil water on ET.
Radiation energy filtering through the riparian canopy and reaching the litter surface is used to drive evaporation of litter moisture. Evaporation of litter moisture is simulated using procedures similar to that used for evaporation of intercepted water on leaf surfaces. Radiation energy reaching the mineral soil surface (below the litter layer) is the product of radiation at the litter surface and a litter transmission factor. Evaporation from the soil surface is computed according to the two stage process described by Gardner and Hillel (1962) .
Overland flow within the riparian zone can occur when surface runoff from the upland field and/or contribution from throughfall exceeds the infiltration capacity of the riparian soil. Runoff depth from the upland field is a user input. If the sum of incoming upland runoff and throughfall depth is less than the infiltration capacity of the riparian soil, water will infiltrate at the rate of application. However, during high intensity storms, the available water may exceed the infiltration rate. In such conditions, infiltration is simulated using a modified form of the Green-Ampt equation (Stone et al., 1994) .
Since hydrologic computations are performed on a daily time step, a detailed surface runoff routing scheme is not included. Field investigations though, show that surface runoff generated from fields during high intensity rainfall events can have sufficient depth and velocity to traverse a significant distance down the riparian slope before infiltrating . This phenomenon becomes especially significant in conditions where upland runoff enters the riparian zone as channelized or concentrated flow. To account for this phenomena, a simple routing scheme, limited only to upland runoff, was introduced. This scheme allows incoming upland runoff to be distributed down the riparian slope based on its depth and flow velocity. The distributed depth is then summed with throughfall for infiltration computations. The upland runoff routing procedure is developed assuming that runoff enters the riparian area as a rectangular slug with the length of the slug defined by the duration of flow and the volume of the slug defined by the total runoff excess. The duration 
θA j,t = 0 
of runoff is estimated as a function of the upslope drainage area/field and is based on the equation developed by Young et al. (1987) . To determine the movement of the slug down the riparian zone the time of concentration for the zone is computed as function of its Mannings roughness 'n' (Huggins and Burney, 1982) . The distance that upland surface runoff moves into the riparian zone is then computed based on the upland runoff duration and the time of concentration of the riparian zone. Vertical drainage from a soil layer occurs when soil moisture exceeds the field capacity. The amount drained from a soil layer also depends on the capacity of the receiving layer. The rate of drainage is set equal to the lesser of the hydraulic conductivities of the draining and receiving layer. Unsaturated conductivity is simulated as a function of the soil moisture content using Campbell's equation (Campbell, 1974) . In the presence of a shallow water table, overlying soil layers are maintained at a higher (less negative) matric potential and consequently higher soil moisture contents. Assuming that the soil layer is in equilibrium with the water table, the matric potential at the mid point of a soil layer can be determined by assuming that the pressure head at that point is equal in magnitude to the height of the point above the water table. The water content at this point is then determined using the moisture retention curve relating matric potential to the soil moisture content and described by Campbell's equation.
In the presence of a shallow water table, a steady upward flux will occur from the water table to the soil layer above to replenish ET from the layer. This upward flux E at point p, a distance z above the water table, can be described using the Darcy Buckingham equation given by (Skaggs, 1978) :
where the h is the matric potential, z is the distance of the point from the water table (positive upwards), (∂h)/(∂z) expresses the gradient of matric potential, E is the upward flux of water from the water table, and K(h) is the unsaturated hydraulic conductivity of the soil layer expressed as a function of the matric potential h. The equation is solved using a finite difference scheme similar to that used in DRAINMOD (Skaggs, 1978) .
Subsurface lateral movement is assumed to occur when a water table builds up over the restricting soil layer. The lateral movement of the water Q H (mm) is simulated using Darcy's equation given by:
where K s (mm day -1 ) is the saturated hydraulic conductivity, ∆h (m) is the difference in water surface depths between two zones, and L (m) is the horizontal flow distance calculated as the distance between centers of two adjacent zones. In the model, hydraulic conductivity is assumed to be isotropic. Downslope subsurface flow between the component zones is driven by the gradient of the water table. The potential hydraulic gradient that determines subsurface movement from zone 1 to the stream is assumed equal to the smaller of the surface slope of zone 1 and the gradient from the water table depth from the mid point of zone 1 to the stream thalweg. Stream thalweg elevation is a user defined input. The model does not simulate the influence of streamflow on the hydraulic gradient or the recharge of zone 1 from streamflow. If water table intersects the land surface towards the downslope edge of the riparian slope excess subsurface water is released to the surface as exfiltration. In addition, for a saturated soil profile, any excess throughfall or upslope surface runoff contributions will not infiltrate but are considered as saturation excess overland flow.
METHODS

SITE DESCRIPTION AND DATA COLLECTION
Data for testing REMM was available from experimental riparian buffer sites located at the University of Georgia Gibbs Farm near Tifton, Georgia (Lowrance et al., 1998; Sheridan et al., 1996 Sheridan et al., , 1999 Bosch et al., 1996) . The study area is located in the Tifton Upland in the drainage area of the Little River. The site has been managed as a three-zone buffer system ( fig. 2 ). While the riparian buffer is being maintained under three different treatments (Plots A, B, and C; fig. 2 ), only data from the mature forest treatment (Plot A) was used for model evaluation. In the description that follows, the dimension of the riparian buffer from the upland to the stream (or perpendicular to stream) is referred to as width, and the distance along the stream is referred to as length. The length of the selected buffer treatment (Plot A) is 40.6 m. Zone 1 which is 15.2 m wide (area 0.06 ha), consists of hardwoods, mostly yellow poplar (Liriodendron tulipifera L.) and swamp black gum (Nyssa sylvatica var biflora Marsh.). Zone 2 which is 50.3 m wide (area 0.20 ha), consists of conifers, primarily longleaf pine (Pinus palustris Mill.) and slash pine (Pinus elliotti Engelm. (Calhoun, 1983) . Monitoring at this site was conducted from January 1992 through December 1996. Data collected at this site included (a) topographic and soil information; (b) weather information; (c) surface runoff at the field-zone 3 interface, the zone 3-zone 2 interface, at the mid-point of zone 2, and at the zone 2-zone 1 interface ; and (d) water table depths under the upland contributing field and each of the three component zones of the riparian buffer (Bosch et al., 1996) .
MODEL PARAMETERIZATION AND INITIALIZATION
With respect to hydrology, the information required by the model includes daily weather data, daily surface and subsurface runoff loading from the contributing field, and parameter values representing the topographic, soil, and vegetative conditions within the riparian buffer. Daily weather data collected at the Gibbs farm site included rainfall amount (mm), rainfall duration (h), maximum air temperature (°C), minimum temperature (°C), solar radiation (langley's day -1 ), wind speed (ms -1 ), and dew point temperature (°C). Runoff collected by surface runoff samplers at the field-zone 3 interface was used to generate the daily surface runoff depth (mm per unit contributing area) input to REMM . Daily subsurface flow loading to the buffer (mm per unit contributing area) was computed using the hydraulic gradient between upland wells P3 and P4 ( fig. 2 ) and recording well 01 in zone 3, saturated thickness at well 01, and saturated hydraulic conductivity of 48 mm h -1 (Bosch et al., 1996) . Parameters that describe the riparian buffer dimensions, soil, and vegetation characteristics were derived from currently measured data and previously published literature for the Gibbs farm site (Bosch et al., 1996; Perkins et al., 1986; Sheridan et al, 1996) . A listing of selected parameters and the corresponding values used is provided in table 1. Values used to describe the topography, soil, and vegetation were best estimates based on measured data and were not adjusted or calibrated during evaluation runs.
To evaluate model performance, simulated water table depths and surface runoff were compared to those observed at the experimental site. Water table comparisons were based on daily recordings of wells in zones 2 and 1. Comparisons between model simulated and observed water tables for zone 3 were not performed because: (a) water table depths in zone 3 along with upland well depths were used to generate subsurface water input to the riparian zone; and (b) for long periods during summer and fall water table depths in zone 3 dropped below the screened well depth (approximately 1.8 m from the surface) and were unavailable. When zone 3 water table dropped below the screened depth subsurface water input to the riparian zone was computed by assuming the water table depth in zone 3 to be at the screened depth. It is possible that this assumption resulted in a slightly higher subsurface water input from the field to the riparian zone. Surface runoff comparisons were made on both an annual and seasonal basis for positions corresponding to surface runoff collectors at the zone 3-zone 2 interface and the zone 2-zone 1 interface. A general evaluation of the model was conducted by developing annual hydrologic budgets for simulated results and comparing these budget values with data from the Little River Watershed, which contains the riparian buffer test site.
RESULTS AND DISCUSSION
WATER TABLE COMPARISONS
Observed and simulated daily water table depths from the soil surface for zones 2 and 1 are presented in figure 3 . In addition, annual averages of daily observed and simulated water table depths were regressed and compared against the equal value line (fig. 4) . Annual averages of absolute error between model simulated and observed daily water depths were also computed ( fig. 5 ). Observed water table depths in zone 2 varied from the soil surface to a depth of approximately 1.5 m ( fig. 3) 1992, 1995, and 1996 (fig. 5 ). For zone 2, annual average error for 1994 at 0.36 m was the largest contributor to the five year average of 0.27 m.
There was considerable variability both between and within years (seasonal) for measured rainfall and water table depths for the sampled five-year data set. The partitioning of the year into seasons was identical to that used by Sheridan et al. (1999) and is given by season 1 (winter: December, January and February), season 2 (spring: March, April and May, season 3 (summer: June, July and August, and season 4 (fall: September, October, and November. A major portion of the total annual rainfall at Gibbs farm occurs during winter and summer ( fig. 3) . Winter rainfall typically occurs during long duration, low intensity events, in contrast to summer, when it is associated with short duration, high intensity events (Shirmohammadi et al., 1986) . Measured zone 2 water table well depths for years 93, 95, and 96 imply that water tables are close to the surface during the early part of the year (winter/spring), progressively drop through fall, and rise again in winter. This trend conforms with long term observations reported for Little River watersheds. Water table trends appear to be reversed for 1994 and to some extent for 1992 when rainfall events during summer and fall resulted in water tables to be closer to the surface compared to spring. For comparisons with observed data model simulated water table depths are included in figure  3 . It is evident from figure 3 that REMM simulations correspond well with yearly and seasonal variations in measured values ( fig. 3 ). There were some differences between model simulated and observed zone 2 water table depths. Simulated water tables are generally closer to the surface than observed during parts of the year. This difference is larger during the relatively dry months of summer and fall. This difference could very likely have resulted from the assumption of using the screened depth to generate upland subsurface inputs for conditions where zone 3 water table dropped below the screened depth. Use 1684 TRANSACTIONS OF THE ASAE of this assumption will overestimate the upland subsurface flow contributions. Observed water tables appear to reach their maximum depths in early fall (September to October) and start rising by late fall (November). Simulated depths also reach maximum depth by early fall but do not respond to rainfall as quickly as the observed values (especially for 1993 and 1995). At the annual scale, zone 1 water tables were best simulated by the model, which is supported by both visual comparisons ( fig. 3 ) and small annual average error between observed and simulated daily water table depths ( fig. 5 ). The intercept (-0.03) and slope (1.39) of the regression line ( fig. 4) were also not significantly different from 0 and 1 respectively, at the 95% confidence level. Zone 1 was considerably wetter than zones 2 and 3 throughout the year with observed water table depths varying from the surface to approximately 0.40 m below the surface. Similar to zone 2, the largest drops in the zone 1 water tables were observed during 1993, 1995, and 1996 ( fig. 3) . Model simulations followed this trend. Although simulated water table depths were in error by 0.14 m over the five-year period ( fig. 5 ), there was a mixed trend with respect to individual years, with error between simulated and observed being least for the wettest year (1994) followed by the driest year (1995) .
In contrast to zone 2, where simulated water tables were closer to the surface than observed during summer and fall, simulated zone 1 depths were slightly lower than observed. This indicates that water loss during summer and fall was overestimated by the model. Zone 1 provides shallow groundwater discharge to streamflow. Field observations at the Gibbs Farm site and elsewhere in Little River watershed show that streamflow occurs typically during winter, early spring, and late summer. Winter streamflows are generated by lateral subsurface flow, exfiltration, and surface runoff from saturated alluvial soils within zone 1 (Shirmohammadi et al., 1986) . Late summer flows are primarily supported by infiltration excess surface runoff associated with high intensity rainfall events. Site observations during winter at the Gibbs Farm riparian site indicated that streamflow from upstream areas is also entering throughout the length of the riparian buffer under consideration. Flows from upstream might cause runoff generated within zone 1 to "back up" and cause local flooding within zone 1. This "backing up" of zone 1 water essentially leads to elevated water tables within zone 1 during this period. The influences of streamflow on zone 1 water tables are not currently included in REMM. This phenomenon (streamflow influences) is proposed for inclusion in the next version of REMM. Absence of streamflow influences in the current version of REMM is a likely reason for lower simulated (than observed) water tables in zone 1 during the year. This same phenomena could explain sudden increases in observed zone 1 water tables during summer, which is not reproduced in model simulations to the extent observed. Flows from upstream areas associated with high intensity rainfall events during summer could cause water table increases in the nearstream zone 1. In addition to errors caused by streamflow influences, it is also possible that the model might be overestimating ET during summer for zone 1. Overall, model simulated water table depths are good considering that soil parameters used in the model were based on best literature and measured estimates and were not calibrated, and phenomenon such as streamflow influence on riparian water tables are not currently simulated.
SURFACE RUNOFF COMPARISONS
Observed and simulated annual totals of surface runoff exiting zones 3 and 2 are presented in figure 6 . Although measured and model comparisons were limited to runoff exiting the zones, values for runoff measured at the middle of zone 2 were also included in figure 6 to highlight the variability in runoff along the riparian transect. Surface runoff exiting zone 1 could not be measured due to difficulties in sampling surface runoff immediately adjacent to the edge of an intermittent stream. However, simulated runoff values exiting zone 1 are included in figure 6 . In addition to annual runoff totals, observed and simulated average annual surface runoff event depths exiting zones 2 and 3 are presented in figure 7 . Prior to comparing these results it is important to point out that the surface runoff collectors used at this site are designed such that they are best suited for conditions where surface runoff is uniformly distributed spatially over the soil surface . If runoff concentration occurs, and if concentrated flow bypasses the collectors, the runoff measured by the collectors might not be representative of the actual field conditions. Surface runoff depths (values in figs. 6 and 7) at a point along the riparian transect (either exiting a zone or at the mid point of the zone) were computed by dividing the total runoff volume collected at that point by the contributing area upslope of that point.
Measured annual surface runoff loadings from the field (which were also used directly as input to the model) varied significantly over the five-year period ranging from a high of 317 mm to a low of 22 mm and averaging 150 mm ( fig. 6 ). Observed runoff from the field did not appear to show strong correspondence with annual rainfall totals. For instance, runoff for 1995 (109 mm) was generated by annual rainfall of 877 mm while runoff for 1993 (22 mm) occurred with substantially higher rainfall (1100 mm) (table 3). The timing of rainfall was clearly important for observed surface runoff. Surface runoff was the second largest source of water to the riparian zone, with subsurface input being one third of the surface total (table  3) . Measured surface runoff totals presented in figure 6 reveal an unexpected and interesting trend. For all years, surface runoff from the field is always greater than runoff at any other location along the field-riparian transect ( fig.  6 ). This field runoff is reduced considerably as it passes through the grassed zone 3, which is as expected. Runoff exiting zone 2 is less than that exiting zone 3, which tends to suggest that field runoff is lost to infiltration as it travels further downslope into the riparian zone. However, runoff recorded at the mid point of zone 2 appears to disagree with this trend. Runoff depths recorded at the mid point of zone 2 appear to be greater than or nearly equal to those recorded at the downslope edge of zone 3, and always greater than those recorded at the downslope edge of zone 2. These high surface runoff depths at the middle of the zone 2 cannot be explained. It is likely that these high values could have been a result of the limitation of the sample collectors. It is possible that runoff concentration into one of the surface collectors at the middle of the zone 2 could have resulted in more runoff collection at this location compared to the other points along the riparian transect (downslope edges of zone 3 and zone 2). Overall, averaging over the five year period, observed surface runoff totals along the riparian transect were 13, 5, 8, and 3% exiting the field, zone 3, middle of zone 2, and zone 2, respectively.
Since REMM cannot provide runoff estimates at the middle of a zone, there were no simulated values to compare against observed runoff totals for this location. Although surface runoff exiting zone 1 was not collected at the site, simulated values are included in figure 6 to illustrate the influence of alluvial soils in zone 1 on surface runoff. With respect to runoff trend along the field-riparian transect, simulated runoff totals followed the observed trend of continuous decrease in runoff from the field to zone 2 for years 1994, 1995, and 1996 . Simulated values also matched the general trend for 1992, although simulated runoff depths were greater than observed. Simulated runoff totals presented in figure 6 , indicate that surface runoff exiting zone 1 was greater than that exiting zone 2, across all years. REMM simulated this increase in surface runoff through zone 1, because the simulated zone 1 was close to saturation during wet periods of the year, and excess rainfall and subsurface flow inputs to this zone were released to the surface. Although observed data were not available to directly verify this, the simulated trend appears to agree with previously reported research for this watershed looking at the influence of alluvial areas on surface runoff generation (Shirmohammadi et al., 1986) .
The model was able to simulate the observed average annual surface runoff event depth for zone 3 within one standard deviation for four out of the five years ( fig. 7) . Simulation results for runoff exiting zone 2 were not as good as that observed for zone 3. Only two out of the five years were simulated within one standard deviation of the observed. REMM appeared to overestimate the runoff event depth for zone 2. Included in figure 7 are event depths that were measured at the middle of zone 2. If runoff depths measured at the middle of the zone 2 are 1686 TRANSACTIONS OF THE ASAE included in the comparisons, simulated runoff depths exiting zone 2, especially for years 1995 and 1996, appear to fall within the values measured at the middle of zone 2 and those exiting zone 2. Seasonal totals of observed and simulated surface runoff for each year were also compared (table 2). The observed five year data set does not reveal any distinct seasonal trend in measured surface runoff values, but high surface runoff did occur with high seasonal rainfall and high water table depths. As expected, both observed and simulated surface runoff were higher during high rainfall periods and/or when the soil was wet (water tables were close to the surface). Runoff during periods of high water table was typically "saturation-excess" type; whereas, that associated with high intensity rainfall events especially during summer can be classified as "infiltration-excess".
For 1992, observed surface runoff peaked during spring. Surface runoff data for 1992 started in February, so some of the winter runoff was not measured. Measured runoff for spring 1992 indicated that there was no surface runoff exiting the zone 3, but there was considerable runoff at the mid-point and exit of zone 2. In contrast, simulations showed that there was runoff exiting zone 3 but no surface runoff exiting zone 2. Similarly for 1993 surface runoff was maximum during spring. Simulated runoff values for 1993 exiting zone 3 and zone 2 were similar to observed. Considerable surface runoff was measured across all seasons for year 1994. Simulated values for surface runoff exiting zone 3 were consistently higher than observed for all seasons of 1994. An in-depth investigation of the model values showed that a large fraction of the runoff exiting zone 3 was field runoff that was routed through. As described in the section on "model description" routing of field runoff through a zone depends on the field runoff velocity which is a function of the runoff depth and duration, and the travel time through the zone which is influenced by its Manning's roughness coefficient. For a given field runoff depth and duration, the amount of runoff routed through increases with decrease in Manning's roughness. Considering the consistent overestimation, it is very likely that the value of manning's roughness selected for zone 3 (0.6) was underestimated. Although field runoff was routed through zone 3 it did not have sufficient velocity to move through the 50 m long zone 2. Hence, any surface runoff exiting zone 2 was primarily a result of runoff generation within zone 2 either in the form of "saturation-excess" or "infiltration-excess". Simulated values of surface runoff exiting zone 2 for spring and winter were smaller than those observed. This can be attributed to the under simulation of water tables in winter/spring, ( fig. 3 ) which consequently led to an underestimation of "saturation-excess" runoff exiting zone 2. Simulated surface runoff for zone 3 and zone 2 were similar to observed for all seasons across 1995 and 1996. Overall model simulations for surface runoff can be considered good because: (a) the model was not calibrated; (b) there was considerable variability in measured runoff along the riparian zone, and with years and seasons; and (c) inherent limitations involved in use of the surface runoff samplers.
ANNUAL HYDROLOGY BUDGET COMPARISONS
Annual estimates were available on outputs such as subsurface flow and surface runoff contribution to streamflow from the Little River Watershed which contains the Gibbs Farm riparian site. Over the five years of simulation the average annual surface runoff (including exfiltration) contribution to streamflow was approximately 8% of the annual rainfall (table 3) . The simulated value is greater than 5% reported by Sheridan et al. (1996) for two year record at the Gibbs farm site but within the range of 4% to 12% reported by Shirmohammadi et al. (1984) . Corresponding simulated subsurface contribution to streamflow was 4%. This value is close to the 3% estimated by Bosch et al. (1996) for the Gibbs Farm site but considerably less than the range of 14% to 22% reported by Shirmohammadi et al. (1984) for Little River 
* Field loadings and outflow to stream are based on the contributing area basis, field contributing area = 0.3093 ha; contributing area to stream = 0.6061 ha. † Numbers inside parentheses are % with respect to annual rainfall -rounded off to nearest whole numbers. ‡ Average transpiration across three zones. § Percent of (rainfall + field loadings on the riparian area basis).
watershed. The five-year average also showed that surface runoff decreased as a proportion of the rainfall from the field through the riparian buffer (from 12% to 8%; table 3); whereas, subsurface flow remained steady around 4%. Total streamflow from the Gibbs Farm site averaged 147 mm, or about 40% of the long-term average for Little River Watershed (370 mm, Sheridan, 1997) .
The hydrologic budget estimates presented in table 3 also provide a salient result, that upland loadings to the buffer may not necessarily determine the magnitude of surface and subsurface runoff that is generated within the buffer and which eventually contribute to streamflow. This is obvious from budgets of years 1993 and 1996, where even though field loadings for 1993 were much smaller than those of 1996, streamflow contribution was higher in 1993 compared to that of 1996. A closer look at the budgets reveals that surface runoff contribution to streamflow during 1993 was more than twice that of 1996. A plot of the monthly rainfall, water table, and surface runoff generated for zone 1 for 1993 and 1996 (not included here due to space limitations) revealed that most of the surface runoff which contributed to streamflow in 1993 was generated during winter/early spring (table 2) . There were a number of large rainfall events during winter and early spring of 1993 when the soil in zone 1 was already saturated and which resulted in saturation excess surface runoff. Compared to 1993, 1996 had less rainfall during the early part of the year and water tables were much deeper compared to 1993 ( fig. 3 ). This analysis indicates that in addition to upland loadings, the amount of rainfall, its distribution during the year, and the soil moisture conditions in the alluvial zone (zone 1 in this case) are an important determinant of streamflow. This result is consistent with conclusions of Shirmohammadi et al. (1986) who found that generation of streamflow on Little River Watershed was largely controlled by soil moisture conditions in the alluvial aquifer of the riparian zone.
Simulated transpiration of 747 mm yr -1 averaged over five years and across the three vegetation types (table 3) is in the neighborhood of values reported in literature for similar site conditions (Riekerk, 1985; Ewel and Smith, 1992) . ET for the riparian zone at 79% of the effective rainfall (sum of rainfall + upland field loadings) is in the neighborhood of estimates of ET for Little River Watershed (Sheridan, 1997) .
SUMMARY AND CONCLUSIONS
The five year simulations of the Gibbs Farm site reflect many of the dynamics of the observed data. The uncalibrated simulations respond in expected fashion to differences in annual and seasonal patterns of precipitation. In general, simulated water tables were higher than observed in zone 2 and lower than observed in zone 1. Lower water tables in zone 1 seem to be related to the fact that REMM does not account for overbank flooding and the influence of streamflow on water table conditions. The absolute water table depth error was 0.27 m and 0.14 m for zones 2 and 1, respectively. These differences do not reflect that simulated can be either higher or lower than observed. The actual mean water table depth for simulated and observed only differ by 0.07 m for the mean of zone 2 and zone 1 combined. This is a very small difference considering that the model was not calibrated. Outputs to the stream are controlled by hydrologic conditions in zone 1. The smaller difference in simulated and observed water table conditions in zone 1 seem to be a good approximation of the water table conditions controlling subsurface output to the stream, especially when overbank flooding is minor.
Simulated surface runoff depths show similar patterns to the observed runoff. Average annual event runoff depths exiting zone 3 were simulated within one standard deviation of the observed for four out of the five years. Corresponding simulated runoff depths for zone 2 were greater than the observed and only two out of the five years were within one standard deviation of the observed. Although observed surface runoff outputs from zone 1 were not available, REMM simulated higher per ha runoff from zone 1 than zone 2. This result is consistent with field observations and earlier studies of the impact of alluvial areas on streamflow generation in this type of coastal plain watershed.
The overall hydrologic budgets for the riparian ecosystem are similar to independent estimates of subsurface flow at the site (Bosch et al., 1996) . The budgets differ from larger scale water budgets for Little River watershed. The Gibbs Farm site is more dominated by surface runoff than subsurface flow, in contrast to other sites studied in the region. The amount of streamflow generated by the model is lower than watershed scale estimates but reflect the low estimated loadings from the upland field (197 mm). The uncalibrated simulations indicate that ET is nearly equal to the long-term watershed scale estimates.
Calibration of components of the water balance could yield estimates of streamflow which better match longterm watershed averages. This could be done by calibrating simulated ET. Yet, given the relatively small field input to the riparian zone simulated with REMM, the hydrology simulation results reflect the conditions provided for REMM; discharge is probably less than measured on larger watersheds. Given the close agreement between average water table depths, water table patterns, surface runoff volumes, and patterns of surface runoff, the uncalibrated hydrology simulations provide an adequate basis for the water quality and nutrient cycling evaluations to follow (Inamdar et al., 1999) .
